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ABSTRACT
’Oumuamua, the first bona-fide interstellar planetesimal, was discovered passing
through our Solar System on a hyperbolic orbit. This object was likely dynamically
ejected from an extrasolar planetary system after a series of close encounters with
gas giant planets. To account for ’Oumuamua’s detection, simple arguments suggest
that ∼ 1 M⊕ of planetesimals are ejected per Solar mass of Galactic stars. However,
that value assumes mono-sized planetesimals. If the planetesimal mass distribution
is instead top-heavy the inferred mass in interstellar planetesimals increases to an
implausibly high value. The tension between theoretical expectations for the plan-
etesimal mass function and the observation of ’Oumuamua can be relieved if a small
fraction (∼ 0.1−1%) of planetesimals are tidally disrupted on the pathway to ejection
into ’Oumuamua-sized fragments. Using a large suite of simulations of giant planet
dynamics including planetesimals, we confirm that 0.1-1% of planetesimals pass within
the tidal disruption radius of a gas giant on their pathway to ejection. ’Oumuamua
may thus represent a surviving fragment of a disrupted planetesimal. Finally, we ar-
gue that an asteroidal composition is dynamically disfavoured for ’Oumuamua, as
asteroidal planetesimals are both less abundant and ejected at a lower efficiency than
cometary planetesimals.
Key words: planetary systems: protoplanetary discs — planetary systems: formation
— solar system: formation – comets – asteroids: individual (1I/2017 U1)
1 INTRODUCTION
1I/’Oumuamua was discovered by the Panoramic Survey
Telescope And Rapid Response System (Pan-STARRS) sur-
vey (Chambers et al. 2016) on Oct 19 2017 (Meech et al.
2017; Williams 2017). The object’s orbit was determined to
be inclined by 123◦ with respect to the ecliptic plane and to
have an eccentricity of 1.2, placing it on a hyperbolic orbit
that is not aligned with any known cluster of comets (de
la Fuente Marcos & de la Fuente Marcos 2017). Given the
lack of Solar System objects capable of imparting a large
enough impulse to explain its anomalous velocity (e.g. Porte-
gies Zwart et al. 2017), ’Oumuamua is likely of extra-solar
⋆ E-mail: rayray.sean@gmail.com
† STFC Ernest Rutherford Fellow
origin and in the process of passing through the Solar Sys-
tem on its way back to interstellar space.
Interstellar planetesimals are likely to represent by-
products of planet formation. Their existence is not a sur-
prise as planet formation is well known to be less than
100% efficient. The detectability of interstellar asteroidal
and cometary planetesimals has been studied by a num-
ber of authors over the past several decades (e.g. McGlynn
& Chapman 1989; Kresak 1992; Jewitt 2003; Moro-Mart´ın
et al. 2009; Jura 2011; Cook et al. 2016). The absence of de-
tections prior to ’Oumuamua led Engelhardt et al. (2017) to
place an upper limit of 1.4× 10−3 AU−3 on the abundance
of interstellar planetesimals.
Planetesimals are thought to form via gas-assisted con-
centration of drifting particles in planet-forming discs (see
the review by Johansen et al. 2014). A fraction of plan-
c© 2017 RAS
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etesimals can subsequently be ejected by receiving gravita-
tional kicks from planets. A planet’s ejection potential can
be quantified with the Safronov number Θ, defined as the ra-
tio of the escape speed from a planet’s surface to the local es-
cape speed from the star (see, e.g., Ford & Rasio 2008; Ray-
mond et al. 2010; Wyatt et al. 2017). Ejections are likely for
Θ ≫ 1, while collisions are favored over ejections if Θ < 1.
In the Solar System, although all the giant planets have
Θ > 1, Jupiter ejects the vast majority of planetesimals.
Given the planets’ orbital architecture, outer Solar System
planetesimals are generally passed inward from the ice giants
to Saturn to Jupiter before being ejected after repeated en-
counters with Jupiter (Fernandez & Ip 1984). The resulting
orbital migration is the basis for understanding Pluto’s orbit
(Malhotra 1995), the Kuiper Belt (e.g. Nesvorny´ 2015), and
the current architecture of the outer Solar System (Tsiga-
nis et al. 2005). Contemporary models for early outer Solar
System evolution invoke planetesimal discs with masses of
≈ 15 − 65 M⊕ (Deienno et al. 2017), most of which is ulti-
mately ejected.
Dynamical arguments show that the observation of one
interstellar object during the duration of the Pan-STARRS
survey implies that every star ejects about 1 M⊕ of plan-
etesimals (Laughlin & Batygin 2017; Trilling et al. 2017).
By comparing this to the > 10M⊕ ejected from the Solar
System, one might immediately conclude that the observa-
tion of ’Oumuamua is expected and possibly overdue. How-
ever, this expectation is not obvious. Most of the known
exoplanets are too close to their stars to be good candidates
for ejecting planetesimals (Laughlin & Batygin 2017), and
the known population of gas giants that probably dominate
ejections are present around only a small fraction of stars.
Planetesimals, moreover, have a distribution of masses, and
if that distribution is skewed toward large masses inferences
from seeing a single small body need to be corrected for the
much larger mass of the population.
Our paper is structured as follows. We first point out
a fundamental shortcoming of the simple estimates for the
abundance of interstellar objects (§2). Assuming that the de-
tected object was drawn from a reasonable size distribution
implies an orders of magnitude increase in this abundance.
We then (§3) use existing simulations of extrasolar planetary
dynamics (Raymond et al. 2011) to develop a framework for
the possible sources of ejected planetesimals. We show that
this naturally matches the nominal (lower) estimate for the
abundance of interstellar objects. We argue on dynamical
grounds that it is much easier to explain ’Oumuamua as a
dormant cometary nucleus rather than an asteroid. In §4
we show that a fraction f ∼ 1% of planetesimals in our
simulations underwent extremely close encounters with one
or more giant planets before being ejected. These encoun-
ters should lead to tidal disruption. We demonstrate that
this solves the problem pointed out in §2 if the population
of ejected planetesimals is characterized by a standard size
distribution with a small contamination of fragments, which
contain a small fraction of the mass but dominate by num-
ber. In §5 we compare our model with an alternate one that
assumes ’Oumuamua to have originated in a binary star sys-
tem, and conclude with a discussion of the implications for
the birth size distribution of planetesimals in §6.
2 ESTIMATING THE PLANETESIMAL MASS
EJECTED PER STAR
The observation of a flux of interstellar objects passing
through the inner Solar System directly constrains the in-
terstellar number density n of such bodies. With an esti-
mate of the size and density of the intruders, we can convert
the number density to a mass density and infer the average
amount of mass that must be ejected for each Solar mass of
local stellar population. This estimate has been made by sev-
eral authors (Trilling et al. 2017; Laughlin & Batygin 2017;
Meech et al. 2017; Portegies Zwart et al. 2017; Rafikov 2018;
Do et al. 2018). It is necessarily uncertain for so long as we
have only a single detected object.
Recapping the elementary argument, the cross-section
for an object with relative velocity at infinity v∞ to approach
to a peri-center distance q is,
σ = πq2
[
1 +
(
vesc
v∞
)2]
, (1)
where vesc is the escape velocity from q. The observation of
a rate of such encounters Γ determines the number density
n = Γ/σv∞ and an interstellar mass density,
ρej =
4πΓr3ρm
3σv∞
, (2)
where r is the radius and ρm the material density of the
objects. ’Oumuamua has v∞ = 26 km s
−1 and q = 0.25 AU,
and hence we adopt σ ∼ 3 AU2. Large variations in the abso-
lute magnitude suggest a highly elongated ellipsoidal figure,
with an equivalent spherical radius of r ≈ 70 m (Meech et al.
2017; Jewitt et al. 2017; Bannister et al. 2017; Bolin et al.
2018). The lack of evidence for outgassing means that the
purely observational prior favors an asteroid-like composi-
tion, with ρm ≈ 3 g cm
−3. The rate is highly uncertain in
the absence of a detailed study of survey completeness, but
is of the order of Γ ∼ 0.1 yr−1.
We can compare ρej to the local mass density of stars.
McKee et al. (2015) infer a local surface density of stars
and stellar remnants Σ∗ = 33.4± 3 M⊙ pc
−2, and a volume
density ρ∗ = 0.060 M⊙ pc
−3. If we make the simple (and
probably incorrect) assumption that the amount of mass
ejected scales linearly withM∗, we find that the mass ejected
per Solar mass of the local stellar population is,
ǫej ≃ 0.65
(
Γ
0.1 yr−1
)( σ
3 AU2
)−1 ( v∞
26 km s−1
)−1
×
( r
70 m
)3 ( ρm
3 g cm−3
)
M⊕M
−1
⊙ . (3)
This estimate drops to ǫej ≈ 0.2 M⊕M
−1
⊙ for an icy (lower-
density) composition, and has a large uncertainty inherent
in deriving a rate from a single object in an incompletely
characterized survey. We take 1 M⊕M
−1
⊙ as a central esti-
mate, and consider 0.1-10 M⊕M
−1
⊙ as a reasonable range.
This is somewhat lower than the values inferred by Trilling
et al. (2017) and Do et al. (2018), who found roughly 20M⊕
and 40M⊕ ejected per star, respectively. As we show below
and in §4, any inferred values (including ours) are unlikely
to represent the true value but rather may be underesti-
mated or overestimated by a significant amount, subject to
unconstrained parameters of the population of interstellar
objects.
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3The mass estimate in equation (3) is valid if the pop-
ulation of interstellar planetesimals is mono-disperse. If the
mass distribution of the ejected population is instead top
heavy—as is observed for the asteroid and Kuiper Belts,
and expected theoretically in some planetesimal formation
scenarios (see Johansen et al. 2014)—then the inferred ǫej
increases.
We model the mass function of interstellar planetesi-
mals as a power-law,
dN
dm
= km−p, (4)
between mmin and mmax ≫ mmin. We assume that the mass
function is dominated by number by small objects, and by
mass by large ones (1 < p < 2). The expected mass for the
first object to be seen from this distribution is given by set-
ting the number of objects with a lower mass equal to the
number with a higher mass, m1/2 = 2
1/(p−1)mmin. Proceed-
ing as above we would then estimate a total mass for the
population of Mest = N m1/2, where N is the total number
of bodies. The true mass, however, is given by integrating
over the mass function as Mtotal = km
2−p
max/(2− p). The ra-
tio between the true mass of the population and the one
estimated using a single size is then,
b = 2p−1
(
p− 1
2− p
)(
rmax
rmin
)3(2−p)
, (5)
written in terms of the minimum and maximum radii.
This leads to a discrepancy with models in which plan-
etesimals form via the streaming instability (Youdin &
Goodman 2005). Simulations show that a single burst of
planetesimal formation from initial conditions unstable to
streaming yields a power-law mass function with p ≃ 1.6
(Johansen et al. 2015; Simon et al. 2016, 2017; Scha¨fer et al.
2017). Taking rmin = 100 m and rmax = 100 km (a conserva-
tive upper size limit, as forming a belt with a total mass of
∼ 10 M⊕ in one episode would probably yield a maximum
size closer to 1000 km), we find b ∼ 104. A still substan-
tial bias b > 102 occurs for steeper but still top-heavy mass
functions, for example for p = 11/6 as appropriate for a
steady-state collisional cascade (Dohnanyi 1969).
If ejected planetesimals sample a streaming mass func-
tion (p = 1.6), then the estimate of 1M⊕M⊙
−1 in ejected
planetesimals is underestimated by a factor of b > 100. The
inferred mass is hundreds of Earth masses, larger than the
total solid budget of most planet-forming disks (see §3.2).
We conclude this section with a conundrum. An esti-
mate for the mass in interstellar planetesimals based on an
unrealistic, mono-disperse size distribution yields a reason-
able value. Yet an estimate based on a plausible size distri-
bution produces an unrealistically-large value.
3 DYNAMICAL SOURCES OF EJECTED
PLANETESIMALS
The mass of ejected planetesimals is determined by the ini-
tial configuration of a planetary system and by the loca-
tion and masses of planetesimal belts. For gas giants we
have reasonable estimates of planetary frequency out to 5-
10 AU (Cumming et al. 2008; Mayor et al. 2011; Wittenmyer
et al. 2016), and circumstantial evidence from orbital eccen-
tricities for their dynamical history (e.g. Adams & Laughlin
2003; Chatterjee et al. 2008). There is no evidence from di-
rect imaging surveys or microlensing for a substantial pop-
ulation of gas giants in wide orbits (Meshkat et al. 2017;
Mro´z et al. 2017). We know from the existence of debris
discs (Wyatt 2008) that extrasolar planetesimal belts exist,
but have only limited knowledge of their initial masses.
The above constraints do not allow us to uniquely pre-
dict a stellar population averaged mass ejection efficiency.
What we can do, however, is to define a set of dynamical
models that fit the basic known properties of the giant ex-
trasolar planet population, using assumptions for the masses
of planetesimal belts that are in the range inferred for the
Solar System. We first ask whether such a baseline model,
developed previously (Raymond et al. 2010), is consistent
with the observation of ’Oumuamua. We assume that,
• A fraction fgiant of stars host giant planets. Within this
subset, a fraction funstable form planets in an initial config-
uration that is subject to subsequent dynamical instability
(leading to orbit crossing, planetary ejections, and efficient
ejection of neighbouring planetesimals).
• The remaining stars do not host giant planets. These
systems might host ice giants, but without secure knowledge
of the ice giant populations it is reasonable to assume that
they are less efficient at ejecting planetesimals on average.
The mean mass in planetesimals ejected per star is then,
Minterstellar = (1− fgiant)×M
nogiant
ejected +
fgiant × (1− funstable)×M
giant,stable
ejected +
fgiant × funstable ×M
giant,unstable
ejected (6)
where Mejected is the average mass ejected from systems
without a gas giant (nogiant), and in stable (giant,stable)
and unstable (giant,unstable) giant planet systems.
Long-duration radial velocity surveys constrain the oc-
currence rate of giant planets fgiant to be ∼10-20% for Sun-
like stars (Cumming et al. 2008; Mayor et al. 2011; Witten-
myer et al. 2016; Rowan et al. 2016; Foreman-Mackey et al.
2016). Most gas giants are located beyond 0.5-1 AU at radii
where they could plausibly eject planetesimal belts. Low-
mass stars have fewer gas giants than high-mass stars (John-
son et al. 2007; Lovis & Mayor 2007; Dressing & Charbon-
neau 2015) so the population-averaged rate is likely smaller
than the value for Sun-like stars.
Unstable giant planet systems are extremely efficient at
ejecting planetesimals. Planet-planet scattering is the lead-
ing model to explain the eccentric orbits of giant exoplan-
ets (e.g. Lin & Ida 1997; Adams & Laughlin 2003; Chatterjee
et al. 2008) and the observed distribution can be matched
if ∼75-95% of giant exoplanets are the survivors of dynam-
ical instabilities (Juric´ & Tremaine 2008; Raymond et al.
2011). Simulations show that instabilities typically result
in the ejection of one or more giant planets and the grav-
itational perturbations during this process often ejects the
entire outer planetesimal disc out to ∼ 30 AU (Raymond
et al. 2010, 2011, 2012; Raymond & Armitage 2013; Marzari
2014).
A baseline model for the source population of inter-
stellar objects invokes efficient ejection from a small frac-
tion of stars with unstable giant planet systems, less effi-
cient ejection for stars with stable giants, and no ejection
from the bulk of stars without massive planets (based on
c© 2017 RAS, MNRAS 000, 1–??
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the Safronov number argument). Given that we infer a high
unstable fraction (funstable ≈ 90%) from dynamical argu-
ments, the key unknown is the mass ejected per unstable
system (Mgiant,unstableejected ). The ejection of 10-100 M⊕ per star
hosting unstable gas giants suffices to match the central es-
timate (of 1M⊕ ejected per Solar mass of stars) for the
population averaged ejection efficiency assuming a stellar
mass-averaged fgiant of 1-10%. This is consistent with Solar
System expectations if ’Oumuamua formed as an icy body
(see §3.1).
It is worth noting that equation (6) likely underesti-
mates planetesimal ejection. For example, in binary star
systems, ejection may be more efficient than in single-star
systems (Smullen et al. 2016; Sutherland & Fabrycky 2016;
Gong & Ji 2017). Planetesimal ejection may also be efficient
after the main sequence (see Veras 2016, for a review of
the effects of stellar evolution on orbital dynamics). Extra-
solar Oort Cloud analogues – formed partly during planet
formation and partly from continuous interchange with the
interstellar medium – are almost entirely ejected during and
after a star’s asymptotic giant branch phase (Veras et al.
2014; Stone et al. 2015).1
3.1 An interstellar asteroid or comet?
Observations of ’Oumuamua have not conclusively deter-
mined its composition. Despite its very close approach to
the Sun (perihelion of 0.25 AU), ’Oumuamua has shown
no signs of sublimed water in the form of a coma (Meech
et al. 2017; Ye et al. 2017; Jewitt et al. 2017). However,
Fitzsimmons et al. (2017) showed that ’Oumuamua’s peri-
helion passage would only have exposed volatiles down to
a depth of roughly 40 cm. ’Oumuamua’s colors fall within
the distribution of primitive, organic-rich Solar System ob-
jects (Jewitt et al. 2017; Bannister et al. 2017; Fitzsimmons
et al. 2017; Bolin et al. 2018). It has a red spectral slope with
no obvious absorption features (Meech et al. 2017; Masiero
2017; Ye et al. 2017; Fitzsimmons et al. 2017), similar to
some primitive Solar System bodies (e.g. Bus & Binzel 2002;
Carry et al. 2016). Put together, it seems plausible to imag-
ine that ’Oumuamua is either rocky (asteroidal) in nature
or an extinct cometary nucleus (as we discuss further be-
low). The Damocloids, with orbits similar to Halley-type
and long-period comets but no detectable activity (Asher
et al. 1994; Jewitt 2005), may offer a suitable analogy. On
the other hand, Cook et al. (2016) found that surveys may be
biased toward finding asteroids if small (r < 1 km) comets
are very rare.
Given the inconclusive direct evidence we use a suite of
dynamical simulations to address the question of whether
asteroidal or cometary planetesimals are more likely to be
ejected from systems with gas giants. The Safronov number
for a planet of given mass increases with orbital radius, so
from a dynamical standpoint it is easier to eject icy plan-
etesimals from beyond the snow line than rocky bodies that
form closer to the star (e.g., Gaidos et al. 2017).2
1 Two new studies explore a post-main sequence ejection origin
for ’Oumuamua (Hansen & Zuckerman 2017; Rafikov 2018).
2 A few per cent of rocky bodies may be scattered into outer
icy regions where they did not form (Weissman & Levison 1997;
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Figure 1. The fate of planetesimals in the simulations of Ray-
mond et al. (2011). The solid [dashed] lines correspond to the
fraction of planetesimals with a given starting orbit that were
ejected [hit the central star] in systems in which the giant plan-
ets’ orbits remained stable (red) or went unstable (blue). These
simulations assumed solar-mass stars so all planetesimals from
exterior to the ice giants’ orbits are likely to be cometary.
Figure 1 shows the fraction of planetesimals that were
ejected or hit the central star in simulations from Raymond
et al. (2011, 2012). These simulations included an inner
disc of terrestrial-planet forming (rocky asteroidal) mate-
rial, three giant planets (with masses chosen to match the
observed planetary mass function), and an outer disc of
presumably comet-like, volatile-rich planetesimals. In these
simulations, dynamical instabilities in the (dominant) sub-
set of initially unstable systems were almost 100% efficient
in ejecting icy planetesimals across a broad range of radii.
For the rocky planetesimals, on the other hand, a substantial
fraction were excited to high enough eccentricities that they
impacted the star. The same trends are seen in the stable
subset (see also Barclay et al. 2017), but these systems were
only able to eject nearby planetesimals in the outer belt.
The above arguments do not rule out the possibility
that the majority of interstellar bodies are asteroidal in na-
ture. This would require, however, that primordial rocky
planetesimal belts are typically substantially more massive
than icy ones at larger radii. Moreover, the frequency of
massive planets that could eject asteroids from close-in or-
bits is already constrained. Roughly, we would require typi-
cal asteroid belts of the order of 10 M⊕ to meet the central
estimate for ejection efficiency. This is not impossible, since
aerodynamically coupled pebbles may drift inward and pref-
erentially produce planetesimals close-in (Dra¸z˙kowska et al.
2016). We would be forced to consider the possibility that
asteroid belts are typically more massive than belts of icy
planetesimals if future observations suggest that most inter-
stellar bodies are rocky.
3.2 Limits on ejected masses
A planetary system cannot eject an arbitrarily large amount
of planetesimals because the process is self-limiting. A grow-
Shannon et al. 2015; Meech et al. 2016), but this does not affect
our argument.
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5ing gas giant ejects a significant fraction of nearby plan-
etesimals (Raymond & Izidoro 2017) and, after dispersal
of the gaseous disc, planetesimals from within a few Hill
radii are perturbed onto giant planet-crossing orbits and
ejected (Duncan et al. 1987; Charnoz & Morbidelli 2003). At
this point ejection is slowed because the reservoir of unstable
planetesimals is cut off (e.g. Bonsor et al. 2012). Additional
planetesimals can be ejected if a giant planet is perturbed
onto an eccentric orbit, usually by planet-planet scattering.
However, if the mass in outer disc of planetesimals is within
a factor of a few of the scattered planet’s mass, angular mo-
mentum exchange damps the planet’s eccentricity and lifts
its pericenter, quenching the giant planet instability (Ray-
mond et al. 2009, 2010). For this reason we do not expect a
system to eject more than its planetary budget in planetes-
imals (at least while its host star is on the main sequence;
see Veras et al. 2014; Stone et al. 2015; Rafikov 2018).
Planetesimal formation could in principle start early,
when the disc mass is high. For a gas disc mass of 0.1 M⊙,
the mass in icy material for a standard metallicity is approx-
imately 300 M⊕. If extremely massive planetesimal belts
formed frequently, the easiest way to eject them without vi-
olating observational constraints on the number of planets
at large orbital radii would be if the same systems hosted
multiple ice giants. In such a model of the order of 100 M⊕
of icy planetesimals could be ejected from most stars. This
scenario appears contrived, though it shares some similar-
ities with models which seek to explain the dust rings in
systems such as HL Tau (ALMA Partnership et al. 2015) as
a consequence of early-forming ice giants.
4 CONSEQUENCES OF TIDAL DISRUPTION
DURING EJECTION
During the scattering phase, planetesimals undergo close en-
counters during which they pass within a gas giant’s Hill
sphere. Close encounters on the pathway to ejection can
tear planetesimals apart. It is worth considering whether
’Oumuamua could itself be a fragment of a larger planetes-
imal that was tidally disrupted. If disrupted ejected plan-
etesimals are to be common, they must walk a tightrope:
too close an approach to a giant planet will result in a colli-
sion, and many distant approaches will not cause disruption.
We investigated the encounters undergone by planetes-
imals on the path to ejection. We used the same batch of
simulations as presented in Fig. 1 (from Raymond et al.
2011, 2012). For each of the > 105 planetesimals ejected
in those 200 simulations, we tabulated the parameters of
the close encounters undergone with each of the three giant
planets before the planetesimal’s ejection. We divided up the
planetesimals by origin; planetesimals closer to the star than
the giant planets (between 0.5 and 4 AU) are referred to as
‘asteroidal’ and planetesimals originating beyond the giant
planets (typically past 10 AU; see Fig. 1) are ‘cometary’.
In contrast with Fig. 1, we now combine both stable and
unstable simulations into a single set.
While comets were ejected at a higher rate than aster-
oids (Fig. 1), ejected asteroids typically underwent more en-
counters than ejected comets. The median number of close
encounters with a giant planet before ejection was 54 for
asteroids and 19 for comets. There is a clear correlation be-
tween the number of encounters and the closest close en-
counter: planetesimals that underwent more encounters had
a statistically closer closest encounter.
The critical radius for tidal disruption Rt is defined as
3
Rt ≈ r
(
Mgiant
m
)1/3
, (7)
where m and r are the planetesimal’s mass and radius, re-
spectively, and Mgiant is the giant planet mass. It is clear
that Rt ∝ ρ
−1, where ρ is the planetesimal’s bulk density.
For a planetesimal with density of 1 g cm−3 undergoing a
close encounter with Jupiter, Rt ∼ 76, 800 km, just ∼ 10%
wide of Jupiter’s actual radius of ∼ 70, 000 km.
Figure 2 shows the cumulative distribution of the clos-
est encounter for ejected asteroids (in red) and comets (in
blue), scaled to the tidal disruption radius Rt of the relevant
planet. The median closest encounter was 35Rt for asteroids
and 87Rt for comets. The fraction of planetesimals that un-
derwent encounters within 1, 3 and 10 Rt was, respectively,
0.2%, 3.9%, and 16% for asteroids and 0.05%, 1.9%, and
7% for comets. Among planetesimals with approaches closer
than Rt, 18%/6%/1.4% had 2/3/4 or more passages within
Rt, i.e., multiple likely-disrupting encounters.
The kink in the distribution of closest encounters at
dmin 6 Rt is due to the tidal radius approaching the planet’s
physical radius such that many encounters within Rt sim-
ply lead to planetary collisions, not ejections. Given that
giant planets compress and shrink in radius as a function
of time (e.g. Baraffe et al. 2003; Fortney et al. 2010), the
parameter space available for tidal disruption followed by
ejection (rather than a simple collision) increases at later
times. In our simulations each of the giant planets – with
masses drawn from the observed dN/dM ∝M−1.1 distribu-
tion (Butler et al. 2006; Udry & Santos 2007) between Sat-
urn’s mass and three Jupiter masses – was given Jupiter’s
bulk density of 1.3 g cm−3. This may underestimate the
radius of some planets and modestly overestimate the con-
tribution of tidally disrupted ejected planetesimals.
What happens when a planetesimal passes inside the
tidal disruption radius? One would expect the object to
be torn apart down to the size scale at which tensile
strength dominates over self-gravity, orders of magnitude
smaller than the typically-assumed planetesimal size of ∼
100 km (e.g. Benz & Asphaug 1999; O’Brien & Greenberg
2003; Leinhardt & Stewart 2009). This would create a huge
number of tidally-distorted fragments, possibly with large
axis ratios like ’Oumuamua’s (Meech et al. 2017; Jewitt
et al. 2017; Bolin et al. 2018; Bannister et al. 2017; Fraser
et al. 2017; Fitzsimmons et al. 2017). After tidal disrup-
tion, the resulting debris could recollapse into larger bound
objects (Hahn & Rettig 1998; Veras et al. 2014; Coughlin
et al. 2016). Detailed modeling of this process is beyond
the scope of this paper, yet it seems reasonable to assume
that a very large number of small fragments may be cre-
ated by the disruption of a single large planetesimal. Indeed,
3 We have deliberately kept our formulation for Rt simple;
more complex treatments would take into account the effect
of other physical properties of planetesimals including tensile
strength (e.g., Cordes & Shannon 2008; Veras et al. 2014; Bear &
Soker 2015; Veras 2016).
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Figure 2. Cumulative distribution of the closest close encounter
undergone by planetesimals in the process of being ejected. The
closest encounter distance dmin is normalized to the tidal disrup-
tion radius Rt for that planet, assuming for the calculation of Rt
that all planetesimals have bulk densities of 1 g cm−3. The red
’asteroid’ curve corresponds to planetesimals that started the sim-
ulations interior to the giant planets’ orbits, and the blue ’comets’
curve are planetesimals originating beyond the giant planets’ or-
bits (in the simulations from Raymond et al. 2011).
comet Shoemaker-Levy 9’s close encounter with Jupiter in
1992 caused it to disrupt into a chain of 21 detectable frag-
ments (Weaver et al. 1995; Noll et al. 1996; Movshovitz et al.
2012), many of which were similar in size to ’Oumuamua.
We now explore the consequences of a bimodal popu-
lation of interstellar planetesimals. We naively assume that
a small fraction f from a dN/dM=km−p profile has been
tidally disrupted and transformed into mono-sized frag-
ments with size rfrag and mass mfrag (assuming a constant
physical density across all sizes). The total number of frag-
ments Nfrag is
Nfrag = f
(
k
2− p
)(
m2−pmax
mfrag
)
, (8)
assuming that 1 < p < 2 such that the mass is dominated by
the largest bodies. Given that the constant k can be written
in terms of the total number of bodes in the initial distribu-
tion N (as k ≈ N
p−1
m1−pmin) the ratio of the total number of
fragments to the bodies in the original distribution is,
Nfrag
N
≈ f
(
p− 1
2− p
)(
m2−pmax
m1−pmin
)(
1
mfrag
)
. (9)
For fiducial values let us assume an initial planetesimal pop-
ulation that follows a streaming instability distribution with
p = 1.6 from rmin = 1 km up to rmax = 100 km with bulk
densities ρ = 1 g cm−3. We further assume that, as in our
simulations (Fig. 2), f = 1% of planetesimals are disrupted
and produce fragments of rfrag = 100 m in size (similar
to ’Oumuamua). With those assumed values, the number of
fragments dominates the total distribution, with Nfrag/N
of a few thousand. If we instead assume that the fragments
created match the minimum in the already-established size
distribution, i.e., that rfrag = rmin, then Nfrag/N ≈ 4.
In Section 2 we showed that assuming a mono-size dis-
tribution for all interstellar objects yielded an underestimate
of the true mass. This was quantified in Eq. 5 using the bias
b, which was typically two or more orders of magnitude. This
discrepancy is alleviated in a natural fashion if Nfrag/N ∼ b,
that is, fragments make up the dominant component of inter-
stellar objects. The balance between the contribution from
fragments and the bias can be written simply as
Nfrag/N
b
=
f
2p−1
(
rmin
rfrag
)3
. (10)
If Nfrag/N > b then fragments dominate the population
of interstellar objects to a sufficient extent that the mono-
disperse value from equation 3 overestimates the true value.
If Nfrag/N < b the mono-disperse value still underestimates
the true value.
Both an underestimate and an overestimate are entirely
within reason. For plausible choices of parameters – p = 1.6,
f = 1%, rmin = 1 km, and rfrag = 100 m – the mass
inferred from a mono-sized distribution overestimates the
true one by a factor of 6.6. This would reduce Trilling et al.
(2017)’s and Do et al. (2018)’s estimate to 3M⊕ and 6M⊕ in
planetesimals ejected per star, respectively. For only slightly
different parameters – keeping p = 1.6 and rmin = 1 km
but decreasing f to 0.5% and increasing rfrag to 200 m –
the mass inferred from a mono-sized distribution underesti-
mates the real one by a factor of 2.4. This would increase
Do et al. (2018)’s estimate to ∼ 100M⊕ ejected per star.
Given the large uncertainty in parameters it is premature
to over-interpret these inferred masses.
It is interesting that our nominal parameters come close
to entirely canceling out the bias. If we naively equate
Nfrag/N and b we can solve for the fraction of planetesi-
mals that must disrupt on the way to ejection to perfectly
cancel each other out:
f = 2p−1
(
rfrag
rmin
)3
. (11)
Assuming that fragments are much smaller than the smallest
planetesimals that form by the streaming instability, i.e.,
rfrag = 0.1 rmin, only 0.15% of ejected planetesimals need
to perfectly cancel out the bias. If fragments are slightly
larger – rfrag = 0.2 rmin – then f ≈ 1%, as we found in our
simulations (Fig. 2).
If roughly 1% of planetesimals undergo tidal disruption
events on their way to ejection, and if the typical fragment
size is modestly smaller than the smallest bodies in the ini-
tial distribution, then the large difference (quantified by b
in Eq. 5) between estimates of the mass in interstellar plan-
etesimals for mono-disperse and realistic size distributions
decreases significantly and may even disappear. This would
imply that the distribution of interstellar objects is dom-
inated by fragments by number and by the largest plan-
etesimals by mass. If this interpretation is correct we would
expect future interstellar objects to be dominated by objects
similar in size to ’Oumuamua and also to show signs of tidal
distortion via their stretched-out shapes. Alternately, if this
interpretation is wrong and the true distribution is similar
to the streaming one, then we would expect a much lower
rate of future discoveries than predicted (e.g., by Trilling
et al. 2017).
Finally, at face value Fig. 2 shows that asteroidal plan-
etesimals are disrupted before ejection at a higher rate than
cometary planetesimals. Given the potential for a large num-
ber of fragments per disruption event, a relatively small dif-
ference in efficiency could create a large discrepancy by num-
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7ber. This might tilt the scales in favor of detecting asteroidal
interstellar planetesimals rather than cometary ones, in con-
trast with the arguments presented in §3.1. However, this in-
terpretation remains premature. Asteroids have higher phys-
ical densities than comets (Carry 2012), with correspond-
ingly smaller tidal disruption radii. The shrinking value of
Rt would shift the asteroid curve to the right in Fig. 2, to-
ward the cometary curve. For factor of two higher physical
density for asteroids, the difference in disruption efficiency
between ejected asteroids and comets vanishes. In fact, it
may be that disruption is extremely rare for asteroids.
5 COMPARISON WITH OTHER ORIGIN
HYPOTHESES FOR ’OUMUAMUA
We have argued that single stars with gas giants can ac-
count for the abundance and properties of ’Oumuamua. In
our scenario, ’Oumuamua is likely to be the fragment of an
extinct comet that was born beyond the snow line of its
parent star.4 Planetesimals will also be ejected (and may
be tidally disrupted) from binary star systems. Binary sys-
tems are abundant in the Galaxy (Ducheˆne & Kraus 2013),
and a binary companion provides stronger dynamical per-
turbations than a gas giant. Typically, however, we would
expect a binary to interact with a much smaller fraction of
surrounding planetesimals than an (initially unstable) giant
planet system, and hence there is a trade-off which must be
assessed quantitatively in order to determine if binary ejec-
tions are significant. For completeness, we briefly discuss two
other origin hypotheses for ’Oumuamua that invoke binary
systems.
Jackson et al. (2017) proposed that most interstellar
planetesimals form in circumbinary disks. Close binary stars
have well-defined dynamical stability limits, as objects that
enter within a critical orbital radius are destabilized (Hol-
man & Wiegert 1999). Jackson et al. (2017) assume that
planetesimals form beyond the stability limit and systemat-
ically drift inward across the limit under the effect of aerody-
namic gas drag. They performed simulations to show that all
planetesimals that drift inside the stability limit are ejected.
For a significant fraction of close binaries the snow line is ex-
terior to the stability limit such that some ejected planetesi-
mals may be volatile-poor. This process could dominate the
population of interstellar planetesimals if two pre-conditions
are met. First, a sufficiently large fraction of the entire solid
disc mass must drift interior to the binary stability limit
(Jackson et al. (2017) assume this fraction is 10%). If the
drift occurs while the solids are in the form of planetesimals,
this requires relatively small planetesimals (r 6 1 km) which
can drift significantly under aerodynamic forces during the
disc lifetime (e.g., Adachi et al. 1976; Thommes et al. 2003).
Second, the drifting planetesimals need to enter the dynami-
cally unstable zone close to the binary, rather than piling up
at the pressure maximum in the gaseous circumbinary disc
which may be at modestly greater orbital radii (Artymowicz
4 Several studies have tried to pinpoint the Galactic origins of
’Oumuamua but there is currently insufficient evidence to clearly
link its trajectory to a specific star or star-forming region (Ma-
majek 2017; Gaidos et al. 2017; Zuluaga et al. 2017; Zhang 2018).
& Lubow 1994; Pierens & Nelson 2007; Marzari et al. 2008;
Lines et al. 2016).
C´uk (2018) proposed that ’Oumuamua is a fragment
of a planet that formed in a binary system and was tidally
disrupted after passing too close to one of the stars, which
itself must be sufficiently dense to allow for tidal disrup-
tion rather than collision (this favors M dwarf stars). This
would represent a low-probability event but one that cre-
ates enough fragments, if ejected, to flood the distribution
of interstellar planetesimals. C´uk (2018) suggests that these
events are possible in S-type binary systems, in which the
binary companion is on a wider orbit than the planet. It is
likely, however, that planet-planet scattering provides one
of the dominant channels for triggering planet-star near-
collisions, and hence the ‘direct’ planetesimal ejection / tidal
disruption mechanism that we have discussed would neces-
sarily accompany planetary disruptions. It is also unclear
whether planetary tidal disruptions would yield fragments
of the size inferred for ’Oumuamua.
6 CONCLUSIONS
The observation of ’Oumuamua provides a first crude es-
timate of the number density of interstellar planetesi-
mals. Converting that number density to a mass is model-
dependent and highly uncertain. By assuming a mono-
disperse source population, we calculated a seemingly rea-
sonable value of 1 M⊕ in ejected planetesimals per stellar
mass in stars (§2). However, for a mass function that is domi-
nated by number by small bodies, but by mass by large ones,
the first observation will almost always be of an object close
to the minimum size. Inferring an interstellar mass density
from the derived number density then leads to an under-
estimate of the typical ejected mass, typically by several
orders of magnitude. Future observations of interstellar ob-
jects therefore have the potential to place unique constraints
on the mass distribution of planetesimals, with the caveat
that the ejected bodies do not necessarily fairly sample the
primordial distribution.
Dynamical considerations suggest that systems with gas
giants are responsible for ejecting the bulk of interstellar
planetesimals (§3). Cometary planetesimals from beyond the
gas giants’ orbits are ejected with a much higher efficiency
than asteroidal planetesimals from closer-in. Ejection is most
efficient in systems in which the gas giants themselves be-
come unstable and undergo a phase of planet-planet scatter-
ing, thus ejecting the bulk of outer planetesimal disks (see
Fig. 1 and Raymond et al. 2011, 2012).
During the process of ejection, some planetesimals may
pass so close to giant planets that they are tidally disrupted
(§4). This process requires planetary densities that are com-
parable to or higher than (present-day) Jupiter, and hence
is sensitive to the abundance of super-Jovian planets and to
the timing of planet-planet scattering. However, it appears
possible that of the order of 1% of planetesimals could be
tidally disrupted during ejection. If those planetesimals are
shredded into much smaller (’Oumuamua-sized) fragments,
then the fragments dominate by number (but not by mass).
For reasonable parameter choices, the mass inferred for a
mono-disperse interstellar population approaches the true
mass of a more complex distribution, although the mono-
c© 2017 RAS, MNRAS 000, 1–??
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disperse mass may still under- or over-estimate the true mass
by a large factor (see Eq. 10). If ’Oumuamua represents a
fragment of a disrupted planetesimal, then the disruption
event itself may be the key to explaining its shape and tum-
bling rotation (Fraser et al. 2017; Drahus et al. 2017).
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